Arctic sea ice has declined rapidly over recent decades. Models predict that the Arctic will be nearly 8 ice-free by mid-century, but the spread in predictions of sea ice extent is currently large. The reasons for this 9 spread are poorly understood, partly due to a lack of observations with which the processes by which Arctic 10 atmospheric and oceanic forcing affect sea ice state can be examined. In this study, a method of estimating fluxes 11 of top melt, top conduction, basal conduction and ocean heat flux from Arctic ice mass balance buoy elevation 12 and temperature data is presented. The derived fluxes are used to evaluate modelled fluxes from the coupled 13 climate model HadGEM2-ES in two densely sampled regions of the Arctic, the North Pole and Beaufort Sea. The 14 evaluation shows the model to overestimate the magnitude of summer top melting fluxes, and winter conductive 15 fluxes, results which are physically consistent with an independent sea ice and surface energy evaluation of the 16 same model. 17 18 1. Introduction
10
For the early buoys, the depths at which temperature measurements are taken are clearly labelled, tending to begin 11 at 60cm or 70cm above the surface, occurring at resolutions of 5cm above the surface and 10cm below. For later 12 buoys, however, the measurement depths are not labelled. It was inferred that for all such buoys, the measurements 13 began at 60cm above the ice surface, descending at a resolution of 10cm. A curious effect occurs with the long- 
19
With the processed temperature and elevation data, monthly mean fluxes of top melt, top conduction, basal 20 conduction and ocean heat flux were produced in the following way.
21
Top melting of ice and/or snow. This flux, commonly reported by models, represents the total energy gain by sea Basal conductive flux. This flux is defined as the conduction from the ice base into the ice interior. As it is a vital 5 component of the energy balance at the ice base it has frequently been estimated from individual buoys in ocean 6 heat flux calculations. Typically, temperature gradients at the ice base are small due to higher salinities here (e.g.
7
Schwarzacher, 1959), with correspondingly higher heat capacities and lower conductivities; hence previous 8 studies have commonly used a reference layer of a fixed thickness above which the basal conduction is estimated.
9
In this study we use the approach of Lei et al. (2014) , and calculate the basal conduction by taking temperature 10 gradients across a layer 40cm-70cm above the ice base. As above, the instantaneous values were averaged to a 11 monthly mean.
12
Ocean heat flux. This flux is defined as the diffusive heat flux arriving at the ice base from the ocean beneath. In 13 theory, it can be calculated as the residual of the basal conductive flux and the latent heat of melting/freezing at 14 the ice base. However, using the basal conductive flux as defined above it is necessary also to take into account 15 the sensible heat uptake of the intervening layer (the 'buffer zone'), 0-40cm above the ice base, illustrated in 
19
The basal conductive flux condbot F is defined as above. Monthly mean sens F , the sensible heat flux in the 0-40cm 20 layer, is calculated as the average of daily heat uptake rates obtained by taking linear fits through all temperature 21 points within 1 day of a given time instant for all vertical points in this layer, summing these (weighted according 22 to layer thickness), and multiplying by ice density and heat capacity, defined below. Finally, monthly mean latent 23 heat of melting at the ice base, lat F , is calculated from the base elevation time series, by multiplying daily 24 differences in elevation by specific latent heat of fusion.
25
The calculation of thermodynamic parameters is now described. Ice conductivity is defined after Maykut and temperature. In calculating sensible heat uptake at the ice base, again a practical salinity of 4.0 is used, multiplied 10 by the mean value of 2 1 T , where the average is taken over the time period in question and the layer 0-40cm 11 above the ice base.
12
Ice salinity must also be taken into account when calculating latent heat of freezing and melting. The energy 13 required to melt a given volume of sea ice at temperature T, from Bitz and Lipscomb (1999) is
15
At the lower surface of the ice, q is calculated by setting surface of the ice, T is usually extremely close to 0°C when melting is taking place, meaning that a choice of S 17 that is both consistent and physically realistic in all cases is difficult to make. Instead, it is assumed that the ice at 18 the upper surface is fresh, and fresh= is used.
19
The monthly heat fluxes calculated above are subject to two principal sources of uncertainty: measurement 20 uncertainty, and uncertainty in the value of S. To estimate the former, we use elevation and temperature 21 measurement uncertainties as described by Perovich and Elder (2002) . To estimate the latter, we use an uncertainty comprehensive analysis would allow the selection of varying salinity ranges depending on the information 1 available from each buoy. As this is outside the scope of this study, the fluxes affected by this problem were 2 removed from the dataset.
3
A second problem relates to the formation of false bottoms under sea ice, as documented by Notz (2003) , in which 4 meltwater refreezes upon meeting cold seawater at a temperature below its own melting point. This process visibly 5 occurs during the period of operation of some buoys (for example 2015A, demonstrated in Figure 6 ), associated 
12
Unrealistic positive values of top melting occur quite frequently during the winter months, due to decrease of 13 surface elevation likely associated with wind drifting of snow, although these are usually an order of magnitude 14 lower than those observed during the summer months. As a simple way of removing these fluxes, top melt fluxes 15 for all months during which monthly mean surface temperature was measured at -5°C or lower were set to zero.
16
It is noted that during the late spring, this could result in valid top melt fluxes being ignored in the case of rapid 17 rises in temperature during the latter stages of a month.
18
Unrealistically high negative values of basal conductive flux are also derived during months when the ice was 19 quite thin, and the layer 40cm-70cm above the ice base was correspondingly close to the top surface of the ice. In 20 order to account for this situation, basal conductive fluxes (and oceanic heat fluxes) for all months during which 21 monthly mean ice thickness was 1m or lower were removed from the dataset. is also evident in June (16.1 ± 10.1 Wm -2 ), but top melting tends to be considerably lower in August (7.8 ± 6.4 The basal conductive flux acts to remove energy from the ice base in winter, allowing ice growth, and to a lesser 
20
Two regions of the Arctic are relatively densely sampled by the IMBs: the Beaufort Sea and the North Pole ( Figure   21 2). In order to demonstrate that the IMBs are able to capture some regional variability, and especially to aid with 22 model evaluation in Section 4 below, monthly mean fluxes derived from buoy tracks entirely within these regions 23 were sorted into separate datasets, characteristics of which are now described separately.
24
Top melting fluxes are shown in Figure 7a For the ocean heat flux (Figure 7d ), in the summer very high values tend to be more common in the Beaufort Sea in June is much higher than the IMB mean of 24.5 ± 9.4 Wm -2 ; in the North Pole region in June, the modelled 10 mean top melt flux of 56.6 ± 14.0 Wm -2 is much higher than the IMB mean of 11.2 ± 6.9 Wm -2 . The phase of the 11 annual cycle in top melt is shifted slightly earlier, with the effect that, in both regions, the modelled June and July and winter more severely than it does top conductive flux (Figure 8e,f) . The overestimation is most severe during 24 the autumn; in the Beaufort Sea region in October a mean modelled flux of -28.1 ± 11.1 Wm -2 is much higher in 25 magnitude than the mean observed flux of -3.2 ± 5.2 Wm -2 . As the basal conductive flux in the freezing season is 26 the principal driver of ice growth, this suggests that HadGEM2-ES is likely to model significantly stronger ice 27 growth during these months than was measured at the IMB sites.
28
For the ocean heat flux, the model produces a similar seasonal cycle to that estimated from the IMB data, with to the basal conductive flux bias): a negative bias in ice thickness during early winter, and a negative bias in 20 downwelling longwave (LW) radiation throughout the season. It was estimated that these biases were likely to 21 lead to surface flux biases of order ~10 Wm -2 throughout the freezing season. Hence these are also likely to explain 22 a portion of the basal conductive flux bias noted above.
23
The excessive modelled top melting and basal conductive fluxes identified would be likely to lead to too strong 24 ice growth, and ice melting, in winter and summer respectively, and an associated amplification of the ice 
24
A potentially more serious source of error is sampling: bias would be introduced if the IMB measurements were 25 systematically over-or under-sampling locations with higher than average flux in a particular month. The Arctic 26 sea ice cover is highly heterogeneous, with ice conditions varying substantially over all scales. For most variables
27
(for example snow thickness, ice salinity or ice albedo), it is difficult to assess whether the variability of the ice 28 pack is sufficiently sampled by the IMB measurements, due either to a lack of reference datasets or to an inability 29 to estimate these variables at the IMB locations. However, the degree to which the ice thickness distribution 
19
The calculated IMB fluxes offer a potentially valuable tool for increasing understanding of sea ice simulations in 20 coupled models, as they allow detailed examination of the links between atmospheric forcing of sea ice and the 21 resulting sea ice state. This is particularly the case for the upcoming Phase 6 of the Coupled Model
22
Intercomparison Project (CMIP6), for which diagnostics of ice energy and mass fluxes, such as top melting and 23 conduction, have been requested for all sea ice models participating in this experiment (Notz et al., 2016) .
24
Understanding of the processes leading to biases in a given sea ice state enables better understanding of modelled 25 sea ice spread in the present day and in the future, and may therefore also allow better understanding of future 26 projections in sea ice state.
27
By far the greatest source of uncertainty in estimating the IMB fluxes derives from lack of knowledge of ice 28 salinity at the measurement sites, and therefore the thermodynamic properties of conductivity and heat capacity.
29
A method of measuring salinity at the IMB sites would greatly reduce the uncertainty in the IMB estimates, 
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It can be seen that The resulting flux bias is below 1 Wm -2 in magnitude year-round in the North Pole region. It is slightly larger in 9 the Beaufort Sea in winter time, achieving values of -1.5 Wm -2 to -1 Wm -2 from November-February. The values 10 are small compared to the model-observation differences identified in Section 4, and so we conclude that the ice 11 thickness sampling bias does not seriously affect ability to evaluate modelled conductive fluxes.
12
A less strong, but still discernible, relationship exists between top melt flux and ice thickness, due to ice albedo 13 tending to be lower for thinner ice. However, this effect is likely to be associated with a significant difference in 
24
An estimate of the influence of the sampling bias on ocean heat flux estimates is more difficult, due to a less clear 25 relationship between ice thickness and the ocean heat flux, and the frequent presence of rapid changes in ice 26 thickness during the months in which ocean heat flux is highest (July and August). It is likely that very small ice 27 thicknesses are associated with elevated ocean heat flux in the summer months due to greater solar penetration 28 through ice. However, the ice thickness sampling bias is at its least severe during the summer months, as thinner 29 ice is sampled by the IMBs simply through the melting of originally thicker floes on which the IMBs were placed.
We examined the sensitivity of the average ocean heat fluxes to this issue by assuming ocean heat fluxes in 1 category 1 to be systematically larger than those in the remaining categories (as diagnosed from the IMBs) by a 2 factor λ. With λ=3, August ocean heat fluxes in the Beaufort Sea region are on average 80Wm-2 greater in 3 category 1 than in thicker ice categories; it is unlikely that the solar penetration effect could be associated with 4 larger flux differences than this. The largest average flux bias associated with this effect is then -6.3 Wm-2, also 5 seen in August in the Beaufort Sea region. Hence this could be taken as a reasonable upper bound for the effect 6 of the sampling bias on ocean heat fluxes. It is smaller in magnitude than the model ocean heat flux biases 7 diagnosed, although the difference is less than those for the top melt and conductive fluxes. The IMB data is publicly available, and can be downloaded from http://imb.erdc.dren.mil/buoysum.htm.
17
However, the diagnostics from HadGEM2-ES used in this study are not publicly available. 
